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Reference: XR 440/35

1. SUI_LRY

The physical properties of ammonium nitrate are discussed from the point
of view of its use as an oxidant in cormPosite propellants. Some discrepancies
in the literature arc pointed out and an attempt is made to explain them.

The maximum specific imulse obtainable with a sirple amonium nitrate/
fucl mixture is about 223 sec. The advantage of using oxygenated fuels is
calculated for cases where, because of rhoological considerations, more than
5 or 6 per cent, of fuel must be used.

Slight caking of anmonium nitrate may occur at relative humidities less
than the theoretical value for water absorption and it is suggested that this
may be due either to occluded moisture or to welding between crystals in con-
tact. Gross pick-up of moisture occurs at relative humidities above about
50 per cent, so that control of humidity during the manufacture and filling of
composite propellants containing ar,-fronium nitrate is essential.

The effect of potassium nitrate on the 32.10C. transition, and the possi-
bility of the rate of transition being affected by moisture content, is dib-
cussed.

It is suggested that uncertainty regarding the thermal stability and
corrosive -roperties of aemonit, nitrate may be due to work carried out with
impure salt, particularly salt containing occluded nitric acid.

The hazards involved in using ammonium nitrate and precautions to be
adopted ar, briefly discussed.

2. DT'9 RODUCT ION

In recent tijs, both hero a-nd in the United States, an ever-increasing
ameune of attcition has boon directed towards the possibility of using ainonitu.
nitrate as th, oxidant in various types of composite propellant. Plant already
CxLists in U.K. (unlike ammonium pcrchloratc) for the ir_nufacturc of ammonium
nitrate from sy-nthctic ammonia, large quantities being made annually. Its
price is 2d or 3d a lb. compar- I with about two shillings a lb. for imported
ammonium pcrchlorate.

Ammoniu2im nitratc has other advantages over alternative oxidants. It
appears to be the only orc which offers the possibility of a completely smoke-
less propellant and, although energetically inferior to perchlor-tcs, its per-
formance is bettor than sodim nitrate which is its only rival in cheapness and
availability.

Durin,D the last couple of years especially, therefore, the Explosives
Resarch and Development Establishment has attempted to utilisc ammonium nitrate
as n oxidant in plastic propellants and has sponsored an extra-mural research
contract with 1cssrs. Monsanto Chemicals Ltd., for the development of a rubbery
type of composite propellant containing the salt. In addition, the "pressed
charge" propellant compositions of Mcssrs. I.C.I., Ltd., contain appreciable
quantities of anmoniun nitrate and preliminary work is in progress in E.R.D.E.
on similar ma,tcrials consisting almost entirely of ammonium nitrate. In the
U.S. much work on a.r.onium nitrate composite propellants appears to be going
foamvard. Both Acrojets and the Jet Propulsion Laboratory have used ammonium
nitrate and mixtures of arnonium nitrate and ammonium perchloratc as the oxidant

/in
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in curcd rosin compositions. Phillips Petroleum, Standard Oil, and Thi)kol

Corporation arc all working on ammonium nitratc/synthctic rubber pre)oiiJints

and at Ltlantic Research Corporation the possibility of using amnirium nitra tc

as thc oxidant in propellants madc by the "Plastisol" process is under iovcsti-

gation.

The object of this report is to discuss the physical urocrties f' nrmonium

nitrate rolev,ant to its usc as an oxidant in composite oropellants. it is

intendcd in the nc ar future to publish a1 report dcealing lwith arwonium ni:rate

compisite propellants under devclQpment at E.R.D.E., and also a bibliogo:-phy on

a,mnonium nitrate.

IYTEPNTkL B_Li1STICS

It has several times boen sta.ted that, owing to the economic advantag. s of
using ammonium nitrate, some loss in pcr?ormncc, as compared with perchl)rate
propellants, could be tolerated. However, designers generally show, litt'lc
cnthusiasm for a propellant having a specific impulse (S.I.) less than about

170 seconds, and almost invariably raise the requiremeint as tire goos on.
Thus as high an S.I. as possible should bc aired at, and it is worth wile tC
consider the performance w-,hich rght theoretically be obtaincd from omroniu
nitrate compositions.

The maximum S.I. given by any mixture of fuel and oxidant depends uoon the

oxygcn balanc in regard to the formation of water and carbon dioxide and
occurs slightly on the fuel-rich side of the stoichiometric mixture (i).
This is shown in Fig.l in which theoretical values for the S.I. of various

mixtures uf armonium nitrate and polyisobutene are plotted against the p-,o-

portion of fuel used. This mixture has been chosen for its siinlicity; it

is not a practical propellant, lacking a combustion catalyst. On the fuLl-
rich side of stoichiometric the fall off of S.I. with increased fuel c_n'tcnt i!
less marked, owing to the formation of methane and ammonia at low combus',ion
temperatures. The corresponding curve for amrronium perchloratc/p)lyis)butenc
mixtures is included in Fig.l for comparison.

The 'decomposition equations' and the law-ilr,blc oxygen por unit wightt

for three common oxidants arc as follows:-

b1H4 NO3 -4 N 2 + 2H20 + 0, 0.200 g. O/g. oxida.t

I\T' 1 0O2 _+1' + HC1 + 3/2 H?9 O + 5/2 0, 0.3541 g. O/c'. -)x i dant

I10 4  -+ EC1 + 40, 0.i6, g. 07g. oxidant.

The effect of the comparatively lo- oxygen conte,nCt of arooniur nitr t on
the proportions of fuel and oxidant required to give a balanced mixture is
shown in Tablc 1 for three possible fuels, chosen to give a range of degrees

of oxygenation in the fuel. The first is a linear hydrocarbon polymer

( - CH 2 - )n, such as polyisobutenc or polythene; the second a hiohly oxy,en-

atcd polymer, CH I  0 such as polymethyl acrylate or polyvinyl acetate;
the third is intcrmediate in degree of oxygcnation, the polyester from pr -pylecr
glycol and sebacic acid, CH 1.7 00.3, being chosen as an exaple.

/Table 1

-2-
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TABTF 1

Stoichiometric Mixtures with Various Oxidants and Fuels

Oxidant . .... ... Stoichiometric Mixture
Oxidant Fuel _____ _________

C Oxidant 5 Fuel Ratio Oxidant:Fuel

PI<T05  IC02 9L.5 5.5 17.2

CH. 7 00.391.7 8.3 11.0

CH 0 89.4 10.7 8.3

NHLCIl0 4  OH2  91,0 9.0 10.1

0 CI. O.86.6 13.4 6.5

17

CH. aO. 83.1 16.9 .

XGIO4  0882 1.8 7.5

CI1 7 00 3 827 17.3 4 8

C}I. Ht , 78.4 21.6 3,.6
115 Q0.5

The fact that larger quantities of ammonium nitrate are required to give
balanced mixtures is a considerable disadvantage since rheological considera-
tions arc. just as vital as 'allistics. For plastic and elastic types of
propellant, the dcsircd degree of plasticity or elasticity can only be obtained
up to a certain salt content.

In addition to oxygen balance, the S.I. of a propellant depends upon the
heats of formation of its constituents and the heats of formation, molecular
weights and specific heats of the combustion products. The overall effect of
these factors on S.I. is shown in Table 2 in which the S.I.s of stoichiomctric
mi-.turcs of ammonium nitrate and various fuels are compared with the S.I.s of
stoichiometric mixtures of amu-,oium perchlorate and the same fuels. Ammonium
nitrate giv,.s rise to specific impulses about 10 per cunt. lower than those
obtainable with ammonium pcrehloratc and the combustion chamber temperatures,
at a pressure of 1000 p.s.i., arc about 100000, lower.

/Table 2

-- 3
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TABLE 2
S aif ic Impulscs and Combustion Tcmocraturc for

Oxidant/Fucl Iixturos in Stoichiomctric Proport ions

Oxidant Fuel Tc, °C. S.I. sec.

H4 N03  CH2  2060 224

CHI. 1970 21817 00.3

H 1 5 005 2070 220

iNH4 C 104 CH2  3030 2+5

OH 2940 2i
1.7 00.3

C H 5 00 5  2930 238

Ncte: The combustion chamber tmperatures and specific

impulse were calculated by the method describod by Pike (2),
heats of combustion of the polymer fuels being obtained by
thc method of Kharasch (3) for the monomer and corrected for
heats of polymerization. Comparison betweccn calcul,,ted a.nd
cxpcrimental values for polystyrene and polyisopronc justified
this procedure.

The effect of the degree of oxygenation of the fuel or the S.1. over a
range of fuel contents is shown in Fig.2. Curves for the same three fu is

a;; previously considered are giver and also a curve for amnonium nitrate/

polyvinyl alcohol mixtures. Amonium pcrchlorate/polyisobutenc is inclu£cd

for purposes of comparison. It can be seen that these curvcs havc different
slopes, indicating that the relative effect of the fuel varies 1-ith the ful

content.

There is, at present, no method of calculating r7tcs of' burninc- from th-

thernodynamic propcrtics of a .propellant, but low calDrimetric lcvels aInd Li)-
combustion chamber tcmperatures usually imply low rates of burning. '0roniu.1
nitrate is no exception to this, since almost all the measured burninS rates of

propellants containing the salt as solo oxidant fall within th.- rar=e 0. 05 to
0.3 inch/sec. at 1000 p.s.i. Unless the range can be extended, the 1)w burninT

rates must severely restrict the application of ammoniuI ntrate nrell nt

Ammonium nitrate/fuel mixtures cannot be ignited without the aid of -a cta-

lyst for promoting thermal decomposition. A large number of such r tcri;,Is m
mentioned in the literature, e.g. chromium sosquioxide and nitrate, amionium

and potassium dichromate, magnosium oxide, calcium oxide, ferric oxi, nicke

oxide, ammonium chloride, cobalt powder and Prussian Blue. Terc is disaeor-

mont over the effectiveness of some of these materials, probably b o,'usc of
different experimental methods of assessment and because in some e se : the mix-
turcs contained ingredients other than rmmonium nitrate ard fPcl . Th r L 0 o
doubt, however, that ammoniu=o and potassium dichromatcs are prtioulrly ci%ct--

ive. At E.R.D.E. it has been found that chromium scsquioxidc and vinadL3-m

4 - pentoxide

OO 'iYIDZ_TKLL/DISCikI2T
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pontoxide arc vcry active catalysts. Prussian Blue and asbestos powder hn.vc
some catalytic action, but magnesium oxide, mangancse dioxide, cobalt powder a o,d
certain other 'catalysts' mentioned in the literature were found to be without
effect upon simple nitrate/fuel mixtures.

4. CAKING i,!D HYGROSCOPICITY

Lrmoniun nitrate is deliquescent in moist air. 4According to Lowry (4),
the vapour pressure of a saturated aqucous solution is 9.3 Trn.Hg. at 200C. and
11.6 mm. at 250C., corresponding to relative humidities of 66 per cent. and
61 per cent. respectively,

Despite the theoretical figures, C.G. Lawson has quoted (5) the National
Fireworks Corp. of America as stating that airmonium nitrate will pick up traces
of moisture at humidities greater than 26 per cent. and from this hc infers
that certain types )f propellant containing ammonium nitrate may have to bc pro-
cessed at such low humidities.

Experiments have been carried out at E.R.D.E. to check this statement.
Samples of aoronium nitrate and of mixed crystals of ammonium nitrate with
10 per cent. of potassium nitrate were dried at 60°C. for 24 hours and stored
for several days at a series of controlled relative humidities, obtained v ith
various saturated salt solutions. No stringent temperature control was used,
but the laboratory temperature did not vary more than two or three degrees fr.i
23C. The samples, after drying, were free flowing, the amonium nitrate
being about 40 mesh and tho mixed crystals ab-ut 100 mesh. They wrc w( igh.d
each day and observations made in the degree of caking. Each sample vceighcd
5 g. and weighings w-cro carried out to 0.0001 g., so that an absorption of about
0.002 per cent. should have been detected. The following results were
obtained: -

TIBLE 3

Absorption of !.oisture by AnUonium Nitrate and IixedCrystals

Relative Hmidity, Time of Storage, I Misturo Absorption
days ixcd C rysta1s I mmoniu Nitrate

20 5 nil nil

44 5 nil nil

47 5 nil nil

51 5 nil nil

52 5 0.02 0.02

58 5 0. 045 0.02

66 4 0.88 0.20

75 5 10.0 4.8

/it

-5-

CCIONFT_DEII_/DISC =-ET



CONTFIDE:T!.-L/D IS C- aET

It can be seen that there was a small absorption of mroisture at htiditi;-

rather lower than the theoretical value. Oo the other hand, absorption could

not be- dotectod at relative humidities much greater than the 26 per cent.

referred to above.

In no case did samples remain completely i'rec-flowing throu-1hout the

cxperimcnt, although the degrcc of caking obtained at 20 per cent. relativu

humidity was very small indeed, only a fcw crystals becomling loosely a:,gre-

gated.

From )41 to 51 per cent. -Z.F. caking was distinct, but gentlc tappin - with

the finger on the side of the glass container was sufficient com7-]) ctel te

break up the aggregates. Rather mere vigorous tapping ,Tas r-quiroed with the

samples at 52 and 58 per cent. R.H. , whilo those kept at 66 and 75 per cent.

caked into hard solid masses after one or two days. At the Cd of 6 days, the

mixed crystals kept at 75 per cent. -. H. had completely dissolved.

The c,,king of crystalline materials is thought to be duc to surface rc-

crystalliation, resulting in the formation of micro-crystalline t bri be-

tween the particles which effectively ccmcnt them together (6 It is r, hor

difficult to see w,hy the slight caking at lo,,er than the criticr 1 should

occur, unless the crystals, dos,cite the drying procedure, still contiinod

occluded moisture ,hich migrated to the surface. This is a possible exp] na-

tion, although the amount of moisture must have boon minute since no Loss in

weight was detected in our cxperircnts.

1,1r. J.R.C. Duke of F.R.D.E. sug,-ested that some degree of wclding might

take place between dry crystals in contact; the plastic character of ammonium

nitrate crystals w, ould facilitate point contacts developing into contacts be-

tVeen surfaces. The migration of ions across the interface might also be

promoted by lattice irregularities rhich probably exist in ammonium nitrate

owing to loss of ammonia during the preparation -of the crystals. Another

factor which may be of importance is the probable presence of small quanities

of acid ami.0nium nitrate (NH 4 1N0 3 .2110 3 ) which melts a t a low temperature and

might function as a cement. Ph)tomicrographs of slightly caked aemonium

nitrate were made (Fig.3) and in them flat surfaces in close c,,t,-ct coo be

soen, but it is impossible to say whethcr these have resulted fror plastic

deformation or salt recrystallisation.

'Whetstone (7,8) has sh:,-r that caking )f amoniuii nitrate bcL.)w the 52'C.

transition point can bo prevented by the use of small quantities ,crtain

dy,.stuffs, in particular 0.1 per cent. of Acid ilagcnta. The additiuncol use

of a surface active agent, designated- 'A.S.21, is said to extond the temperature

range over which the treatment is effective (9). The fu1]cti,n of the dyostu!'.'

is to modify the habit of the crystal 'bridgesl, makir( thoi m-re raiil, so

that the hardness of the bulk product remains low7. A'11onium nitrtc treated

with Acid mronta ray still oake slightly, but the rcte t 'strial can be

readily broken dow-n into discrete pa,rticlcs. This is simil r to the ca kinr

observcd with utreated material at relatively low hu-iaitics, but cven at these

huidities it is found that with Acid-acent a-treated mterial ca1.ina is loss

apparcnt than 'Tith untreated salt. This may indicato that the aechanism of

cakin7 at low humiditics is the samc as at hi,h, but it is lso possiblc that

the dyestuff forms a barrier to migration of ions acr-)s- the intcrface and so

reduces wc lding.

An:thor -cChod of prcventing cakir(7 is to wreaterpro)f the cr-st-ls in some

way; in the patent literature there are m- rny ,xLU]es of this. In cneral,

these involve coating the particles ith water-rellant material, and a

grcat variety of substances have been -prop sed f,)r this, includir, paraffin ar,

C 2-.initro erop' no
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2,2-dinitroprepano (IO), zinc tctramiro nitrate (i), vegetable oil cake
pow-dcr, calcium carbonatc, diatom ceous earth and kaolin. The usc of zinc
tetra-minc nitrate is of interest as affording an exanple of the disagrcment
oftcn found in the literature on rammcnium nitratc. According to the pa.tent
quctcd, ammonium nitrate is treated with zinc oxide to give a product believed
to be zinc tetrarmininc nitrate. This prevents caking wahen 0.25 to 5 per c)nt.
is either added with agitation to granular amonium nitrate or produced in
situ on the nitrate. 7hetstone (8), on the othcr hand, quctcs zinc tctramino
nitrate as a chemical which increases the rate of watcr absorption by ammonium
nitrate.

A specific coating method is the trcatmcnt of the crystals 1ith 1 per cent.
of mothyltrichlorosilanc, then heating to drive off hydrogen chloride, leaving
a wrAter-repellant coating of a silicone. This process has been tried by
Messrs. ionsanto Chemicals, Ltd., who find that the treated salt does not cake
hard when kept in partly filled bottles under normal storage conditions; when
sprinkled on water it floats for an appreciable time before dissolving.

Yet anothcr method of preventirg, or helping to prevent, the caking of
ammonium nitrate is to .lter the shape o the particles, either by modification
of the crystal habit or by the formation of small sphcrical particles or aggre-
g"tes. The crystal habit can be modified by crystallising in the presence of
various forcign mterials, and Zabolotskii (12) lists a number of ions which,
in concentrations of 0.05 to 0.1 mol,/litre, cause the salt to crystallise in an
cquant rathc: than an acicular form. Acicular crystals are, however, only
obtaincd by crystallisation at comparativcly low- temperatures and the normal
comcrcial mtori is in the form of small Cquant crystals obtained by vacuum
crystallisation a t - comparatively high temperature (1600 or 170CC.). The
equant shape is retained at ambient temperatures despite passage through the
transition point and caking is less with this material than with acicular
crystr.ls owing t the smaller extent of surface contact. Other commercial
meithods of pr-paraion , hich are especially in fav our in countries whcrc amrir nium
nitrate is used as n .'rtilizer, arc the 'graining' and 'prilling' processes
(13, 14, 15), 'w-hich also give spherical particl;s or aggregates, although these
arc --uch la.r.,7r than the usual crrstallis. material. In the former process

the solution is concentrated to 98 per cent. and then cooled .,ith continuous
stirring, Whilst in the latter process 98 -or cent. solution is sprayed down a
tov,7r against a counter-current of air at a locer temperature.

The graining and prilling processes arc usually carried out in order to
produce rather large granules, about 1/32 inch to 3132 inch in diameter, for
agricultural purposes and high c--,losives P-anufacturc. Very much smaller
particles are often required for propellant manufacture, but it should not be
impossible to modify the processes described so as to produce the required size
(e.g. in the prilling process an mtorising spray might be used). If the
particle size of the product could be controlled closely enough, it should be
po3sible to obtain the salt in the form of very small particles which would re-
quirce no further milling or grinding before use in composite propellant.
This would be a considerable advantagc, since milling of anonium nitrate to a
smaller specific surface than about 2,000 cm. - has pr)vcd rather difficult,
perhaps owing t) the plastic nature of the salt causing rapid crystal aggrega-

tion.

Th,re appears to be disagrcmenrt over the extent to 'hich Pjmonium nitrate
can bc dried. AccDrding to Early and Lovry (16), moisture is retained even
whun drastic drying methods a.rc used and 'iellor (17) refers to work in which

drying )ver ph)sphorus pentoxide gave a m)isture content of "less than 0.1 per
cent." but was accompanied by decomposition, as evidenced by a smell of
nitrogen oxides. 1llor also quotes an experiment in which amr-onium nitrate
was heated at 1000C. in one limb of an inverted U-tube, the Dther being cooled

/to
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to -800C. ,later was continuously collected in the cooled limb but the rioisturc

content of the salt remained unchan7ed, demonstrating a decomposition e<ith

production of water. On the -other hand, experiments have been quoted (W8)

in which mixed crystals of ammonium and potassium nitrates (reputcd by various

authors to be more difficult to dry than pure ammoniun nitrate) were driud to

a 0.02 per cent. moisture content over F 2 0 5 , and C.G. Lawson (5, 19) reports

that Phillips Pctrolcun Company dry anmonium nitrate to a 0.03 per cent.

moisture content and that other users in america work to 0.003 per cent. as

determined by Fischer titration. At E.R.D.E. it.has been observud that dry-

ing at 60C. or 8Oc. in an oven produces some slight decompositi)n or sublir-a-

tin (a white deposit iwas noticed). ;L sample -hich was heated at 60oC. and

weighed at intervals showed.a loss of 0.001 per cent. per day after 5 weeks

heating. There is evidence that the extent to which armonium nitratc, or

ar,ronium potassium nitrate, can be dried depends upon the dogree of purity of

tne salt (second report of this series - in preparation).

The question of the dryness of amxonium nitrate used in composite ro?ell-

ants is of considerable importance since the physical, and perhaps also the

ballistic, propcrties of some types of composite propellant may de 9 end rridly

upon the moisture content. , Thus, with plastic propellant cuntair ii riue

nitrate the presence of more than about 0.2 per cent. of roisturc has a vCry

deleterious effect or the physical properties; in the corLlctc abscncc of

moisture the processed material is crumbly.

There are indications that the strength of certain types of "pressed char.,e"

is increased by the presence of small aounts of moisture. As will be dis-

cussed later, there is evidence that the speeds of crystal traditions,
particularly those in arm' onium/Vpotassiuo nitrate, arc considerably affected by

moisture, and this factor, too, may alter the physical and rhoological properties

of the propellant.

It is thus clear that in the mLanufcture of amoniu nitrate co.p,site

propellants the relative humidity will have to be controlled a-t less than 60 per

cent. and that some form of water-proofing of the crystals or anti-caking, treat-

mcnt may be required. Wh%atever the degree of drying obtained or the humidity

control found necessary, it iTill be essential for rocket motors c)ntainingr those

propellants to be carefully and thoroughly sealed against ingress of moisture.

5. TIERIL ST:ILITY. CORROSION, JITD HA'ZARDS

Another point on which there is variance in the literature is thu effect eA'

small quantities of impurities on the thermal stability of ammoniLun nitrate.

For instance, some authors claim that small quantities of urea stabilise the

material p20) while others have been unable to confirm this (21). but there is

no doubt that a number of substances, particularly chlorides and cellulosic material

in general (e.g. wood meal) and starch, sensitise the decomposition. In their

presence, carbon dioxide and nitrogen are evolved at comparatively low tempera-

tures, whereas the pure dry salt can be heated at 1000C. for a long timc witheut

appreciable decomposition (22).

Aqueous solutions of ammonium nitrato readily cvolve ami;onia -hen heated

and bocac progressively more acidic so that the solid material obtained by

evaporation will contain an excess of nitric acid. It is probable that thermal

stability, sensitivity to foreign materials and corrosive proprtics all decend

tLo c. extent upon the acidity of the particular sample of salt examined and

this may account for some of the widcly divergent obscrvations.

According to Scott and Grant (23), fused ammonium nitrate will react with

copper, aluminium, tin, lead, antimony, bismuth, nickel, silver and camam,

-8- /but
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but Hodgkinson and Coote (24) state that aluminiuT, is not attackcd and
Enict (25) that tin is not attac ed. Thorpe's "Dictionary of Applied Chemistry"
states that -uT.-onium nitrate will react with tin under certain conditions to
form basic nitrates which are sensitive to heat and shock (cf: next paragraph).

There is disagreement a bout some of the corrosi. c properties of aqu,ous
solutions and moist crystals. Thus sor-e observers state that iro,n is not
attacked rhcreas according to Ramanr (26), ferric nitrate a.nd nitrite arc
formed. Copper, cadmium, zinc, magncsitml and lcad are all said to bc attacked
by moist crystals. In the case of copper, and alloys containing copDer, there
is no doubt that there is attack cvcn by fairly dry anmionium nitrate at normal
to7aperaturcs, a bright grenish-bluc ac-cosit being formcd o the surf ace of the
metal. Bassett and Durrant (27) state that the presence of oxygci is ncess-
ary for this to happenr nd that the products arc mainly blue curic tctrr.rino
nitrate, green basic nitrate, and some nitrite and tctranmire itritc. The
tetramine nitrate and nitrite are said to bc comparatively sensitive explosivcs.
This corrosion of copper and copper alloys is of iiportance to the propellant

,manufacturer since it rules out the use of the bronzes which, owing to the spark
hazard vith steel, arc his traditional -teri-ls for plant constructi)n.

TWith regard to the hazard of handling ajmonium nitrate and prooellants in
which it is a constituent, it would appear from the mass f ir,f)r-.atio)n )n the
subject, that with the pure commercial salt there is no danger of expl sion_
either by he,t )r cchanical shock, in the absence of confinceent. Detonation
has nt bccn obtained with the frictin pendulum test up t, 1802C. and hea.ting
the salIt t: l0O/1500°C, by an electric arc betwen electrodCs made -f
an. :ni'cu nitrate, merely caused fusi.n and vi,lent boiling (26). Under c,n-
fincmcnt, the applicati n cf heat to the salt has been said t- pr_ouc, explsions
at a temperature of 25C0 C. but the degree of confinement is pr_,bably )f iriport-
ancc amd there is no evidence whether or not localised liatinc in a confined mass
would give rise t. a propagating detonation (29). There is marked disagrecment
over the tendency for pure anmoniLun nitrate under confinement t,o propagate detona-
tion w-hen initiated by an explJsivc charge. Again, the dcrrc(_ f corfinmcnt
and als) the size of charc and Particle size of thc salts are of immrtaoc.
Experiments earnie ut at .R..L. shoy, that no propagation ,ccurs -ith ii.htExermet crubins, jut atr-E.R.iti8n

confinement, as obtai irg with glass or thin-vallcd metal tubing, but
of detonation in c morcially pure L'LO was )btaincd in mild, stcel tubes,
1i inch dinoecter an 5/16 inch wall thickness.

,ihixed 1with fuels or -- ith materials which catalyse its therumal dccwa9stiKn,
dctonati,n of rmjmnium nitratc will take pl much mro reaJily. Thc is-
astrous explosions on record hav_ almost all occurrcwf.ith irnurc niua
nitrate. The salt mixed -ith a fcw per cent, of -etroleui7 4clIv ha ben hn vn
to detonate on heating under a degree of confinc,ent insufficint fcr 1cernation
of the purc substance. Cook and Talbot (3) have oiotcd cjut that mixtures f
amonium nitrate with petrolatum or paraffin ax shcw m-xim- snstivity at
betvccn 0.75 and1.5 per cent. of the hydrocarbon. The latter is th u-hL t
sensitisc the decomposition by acting as a fuel and to dCsonsitisu it by actingT

as a lubricant or buffer betccn the crystals. The 'fuel' effect 1)one mull
give a maxirum sesitivity at oxygen balance (5.4 por cent.), but the 'lubrica-
tion' factor, increasing with hydrocarbon content, causes the moxiruum to occur
at a much lov-er fiEurc. The same auth:rs stress the sonsitisir( efCcct Df
bagging paper or cellulose. Ammonitun nitrate/hydrocarbon mixtures normally
explode in the region of 270' to 55C°C. , but in the presence of cellulose the
explosion temperature may be lowered to 15 0 C.

Despite the increased sensitivity obtaine.d by mixing armonium ritratc with
a fuel, such mixture's are relatively insensitive comp-rcd vith. say acroonium
perchlorate/fucl compositions, and will n:o explode ,hen subjected t the usual
impact, friction, flame, spark and shDck tests at )rdinary tcmperaturcs.
It is, of course, necessary to ensure freedom frim contaminati n by il, rcasc.
cellul,osic material and other organic matter durin7 salt rcussing (e.r.

- grind'ing
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glrinOiong an, di-lring), aind, it is also essentia l to- test all rpsK rxl t

ingrc,lints fo)r thcir effcct o)n them.!al deccompsitien bef-ore- attemiptingc to u,Oe
them. _Providecl those -prcar-utio)ns arc taLocn, manufa-cturi.m- r,-cussosen -\:hich

thore~c. inoecet2cnfinc,ent (e. g., mixin,g anI rollino) p_r ,bab1y invov
only afire risk at 'w)rst. Undcr confinront,asncarercin thr
as a si.--l but (W 2 icepoi)lha zard, and. th~. usual prca utionrs, SIuch ac3
remoe c)ontrol icrto rmbehind adequa te scrcens, arc callccd 7)r.

6. CRYSTAL! TIR XPISITIO.TS

Ae:nimnitra.te un.dergoe)s a num.-ber _ f crystal transitions w.hich ca n be
rcprcscntcd:

16g. 6o0. 1217.. . 20 C. 32.10C. -18 0 C.

IH4 140 3  _ I-MiThNo- _: II.THLNO-z 1I-NHLI\(- 3 ;.!IV-NH) -1\103 V -jNHO 03

liquid cubic tetragonal rooclin ic rhombic t ,t rag,ona-l

The most im_portant )f' these fromi thc point of view of propella-nt ma,nu-
facture is thc 32.10C. tra.nsiti)-c, but the -18')C. traPsi tinM will a-lso) be o
importance in pr)elat xpcectcd to function over a victem perature ano
The 32.100. transitio)n is accoiapa,nied by a larle cha ngef in density, ro

±.6~ at 3~ f r LI 2N2 T55 to 1.72 at 32'C. for IV-ITHjs umrejo0dngi
a n c x, :aiisi.n .,n hc.tir o)f 0.0225 Yl.g.tith certain typu_s ;0f c o it,. r
ellanrt the chr-oc~,u bc expue, te t-o o)roduce a very adi:verse- effect o)n
physical1 popcrties. o the- -ther hai,r- a rubbery marx<~tbcbl to

a ccormndath v 'li. Ch-b n,-)S in th- 'iller w,,ithout rarked' eff,El ct.

~ccrLn tWvnc(31), the 32c)(. tra nsition can bce deprcLsL2 Iby uii i-
mixed crystals o' rlir.,t~t ithi 9 1).r cent. 2 4Afssiui. nir.c

Allmnd'sutlo (92) + -v- ra te a s luti ti twBjt r-eo

at tomeraturc -.bov' 5 but5 acccrcding to) 1',ss2s. 1..I. Ltd. ( 7), th

tranrsition, cl-.n bc surpercssc"7 inch i..ro siim:Lly by crd 0l hC-atJ_lag an ion
i'.xture f th t-.,sat t)th r at -~.ry tc.7:-.r-,urc beoiv c 52 C, .~ -nI CCC.
for a. timec nu) the tcm-pcrature, ti-) 'cr )f subdivisi mn thO
intim,acy o)f admo111xture n the rmo.isture co)ntent, 't has been sh-or, at1 . .K
that the moisture conrte-nt is all-im -portant and that transform.ation into milxuJ
crystals having the III-form" can take nla ce at tempe.ratures belT u,: 32(C.
Thus,5 an intir.-ate- m- i_turre o' the thorou'(,hly dried salts vas he,aedL at 60')C;
samples wvOre withd'ra%-n periodC,icall-y, co)oled to room temrperature, and' cxamim'd
by X-ray powder photo-ra.phy. H, o cha-nc,e of crystal habit was detected after
heat in ' for 300 ho.-urs. Thc same crystal mixture was then allov-ed to take up
0.1 per cent, -of moDisture in a co)nstant humidity enclosure at 25'rC. Exam-
inatio)n by X-ray. powde71.r photocTraohy showedc that this w- as sufficient to g7ive
rise to almost com-fplete transfo-.rmatio.n into) the !V formn.

R.-ffcy ot al, (34.) stte that a solid so)lutio)n is preferable but not
ossential, the transitinI tcrmppraturc boinIg lowe_Tred merely by usj-ig an inti-mate
m-.ixture )f the two' salts. The y-also state that the mnixtures -irc m.oedfi
cult t) d'ry than -a-Io onium nitrate alaoe but that this can be achieved by
,lternatelyc heating to 10000C. an"I 7rindiwT cold. Acco)rding' to) thec.01
patent (33) this shjuld transi' 'm thc mixture into- a s )lid' solAution. Th,, oai
wo-_rkers also f )und that the transiti,on was affected! by moiAsture androeorenl
that the m:ixed! salts be dIried- t le1ss than 1 per cent, mo'.isture c )Iltert.

TI)c effect cC r-,,,istur(: _n th(. transitionrs )-J mixed-' crystals has been n,1 tu,'

by Athors an . somi.o intorosting c,':mioonts arc made in 0.S.R.D. Re-port 1577 (183).

/Tlhcu
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The work of Campbcll is quoted[ who found that a sa-mple of mixc! crystals con-
taining 1.7 per cent. of water undcrwvcnt transitin after 1 week at OC., but
that a dry s,i-lplc rcj-incd unchanged aftcr 1 .vcck at -lO°C., and was co.lc2i in
steps to -52°C. before transformation ovcntually took place. Suspension of
the 320C. transition has also been observed in pure dry nrm.oniuiL nitrate, dc-
pending on the ratc of heating or cooling (13).

The dependence of the rate of transition of mixed crystals on moisture
content is of considcrable importance since, if the effect really is consiaer-
able, the cracking of a composite propellant containing Pmmonium and potassium
nitrates would dcpend upon the amount of water - i.e. upon the efficiency vith
which the rocket motor is scaled. It is therefore conceivable that in such
cases faulty sealing might have serious consequences, oven resultin- in an
explsion of the rocket on ignition.

Jaenccke, Hrracher and Rahlfs (35) have given a complete phase diaram for
the system KN03/1T1 4NO5 . According to this, a 9 or 10 per cent, solid solution
of potassium nitrate in ama:nium nitrate bG.c:,rcs a tv',w)-phasc system at abo ut
18C. consisting of solid solutions of potassiu nitrate in b2th IV -H4W03

and III -NHNO 3 . The phase -iaram shows that -p,tassium nitrate deoprcsses
the initial Transition temperature ,nly slightly, to ab)ut 18C., but that the
transition is spread over a range -f temperatures an- is not complete above
about -16GC. Furthermore, alth,)ugh no density figures arc 7iven, it is
probable that the transition between the solutions inv,lvcs a smaller density
change than the transition between pure IV - DHNO3 an" III - H),N0
Allmanl (36) dctermined the effect of increasing quantities of potassium
nitrate in the 320C. transition of iomonium -nitratc anc- vidcntly obtained
inconsistent results since he quotes the inversion temperature with 10 per cent.
potassium nitrate as being "7 + 500. ??". The action of potassium nitrate in
'spreading out' the transition, as revealed in Jacnocko' s paper, may explain
this.

7. PIdASTICITY OF CRYSTILS:_ DENSITY

Ammonium nitrate crystals (form IV) arc much more flexible than those of
most inorganic salts, and large crystals exhibit quite remarkable plasticity;
a crystal of dim.ensions 1/2 x 1/32 x 1/32 inch can be bent betvecn the fi-ncrs
into a circle without sign of fracture. This flexibility may prevent excessive
breakovn of the crystals during rolling processes, as uscd in preparing plastic
propellants and the type of elastic propellant under investigation by !Kessrs.
Monsanto. From the point of v4w of ballistic control this is an advantage
since the particle size of the oxidant usually has a considcrablc effect on the
rate of burning and other ballistic characteristics of the propellant; excess-
ivc,crystal breakdovn during manufacture makes it difficult to obtain close
control over the final particle size.

It has already been mentioned that, with certain types of composite
propellant, the propirtions cf oxidant anl' fuel arc governed primarily by
rheological, not ballistic, considerations. In such cases, it is the vclum
of solids and not their vreight which is of importance s,) that with arm,)nium
nitrate (density 1. 725 g/ml.) a smller weiohft of oxidant will be required to
produce a given rheological condition than with ammonium pcrchloratc (1. 95 4 Z/ml.)
or potassium pcrchlorate (2.521 g/ml.).

It is evident that as regards the proportions of oxidant ana fuel in a
propellant, rheological and ballistic requirements are in opposition. It is
therefore consilore unlikely that really high performance a=m onium nitrate
propellants -uill be obtained having elastic or plastic qualities. v7ith the

- 11 - /r i gi
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rigia ty-pc of composition thcsc considcrations do not aply a od there appears

to bu no reason why S.I.s up to 220 sec. should not be rcalisable.

. MTOC ,IE, DGITNT S

Thanks arc due to the Rheology Section and 1,,Iiss S.i,. Bennett for calcu-

!ations of specific impulsc, to hr. J.R.C. Duke for microscopic cxa:inAtion

and observations on caked aninonium nitrate, to 3Mir. H.C. ('rant for ieoisture

determinations at knovw,n humiditics, to the Inforration Services and Mrs. H.D.

Williarns for rany of the literature referenccs, and to r. A. Brcwin for help-

ful discussions.
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PHOTOMOZROGRAPHS (X 60) OF CAKED

AMMONIUM NITRATE PARTICLES. FIG. 3*
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E.... Recport ronuiNitrate as an Oxidant for Com.psite;
No. 1~rcopcll-,nts: Part 1: Preliminary Consi,,erfati,-ns.

madeC'L to explain thorn.

The maximumi specific impulsc ob-i,Le\ith a sir-ple eiu
nitratc/fucl mixture is a- out 225 sec. Thc r.dvantrago,r of usir 4
oxygenraed fuels is ca lculatued for cases' wrhere, because of rhcolo-ical
con siderat ions, m-ore tha,.n 5 or 6 per cent. of -fuel must 1-c usc,-.

Sliglht cakir,- of fu-llonium nitra,l c ma y occur at relative humid1itics
*lcss than the thcoretic-l va lue for water ab,sorption and" it is

sugLcstcd that this my he d,ue cithcr to :)ccluaed moDisture o,r t:o %.-cl('-,
ing bctvrocn crystals in contact. Gross pick-up of r.-)sturo occurs a,t
relative humidities ril)ovc about 50 per ccnt, so that contr.ol of humid -

14 p,p. 3 f ig., 3 ta ble s. /ity
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E.1,.D.E. Rep_ort 1s 1)oniiui Nitratu as an Oxidant fo r CtDm-p )site
No-. 5/R/54. Propella nts: Part 1: P relimiina ry Consideratio)ns.

2.R. Froeman Q'I 19LA.
The -physical pro)perties of armion iun ni trate are discussed' from.

the point of vice7 of its use as an oxidaint in compo site propecllan.ts.

is imdcc to exp)lain themi.

The mnaximrum specific impulse obta inab-le -ith a- si2mlc ~n n
nitrate/fucl mixture is about 223 soc. The dvta of usillg
oxygenaited fuels is calculated for cas where,, becauce o' ho<ia
con siderat ions, more than 5 or 6 per"co-nt. of fuel m,ust '.eC usc"..

Slight caking of amr-oniun nitrate ma:-y occur at rela!tive uidte
less tha-n the theo0retical Val.?Ue for -,a-ter -a1s,:r-Ltior in~ t is
suggested! that this may b . ue either to occluded- moisture; or to 'eKl-
ing, bctv,cen crysta ls in contact. Gross pich-upi- of r~ isturo occurs a t
rela.tive humid.ities abovc a-)out 50 pejr cent, so tha t contr. If hunid.-
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ity during the mr,nuf,Ta,cturc arl filling of composite prooci..t , con-
triing anmoniuri nitrate is essential.

The effect of potassium nitr-.tc on the 32.1 0 C. transition, and
the possibility of' the rate of trarsj_tion ,cin affcctd by moisture
content, is discusscd,

It is suggcstGe. thrt uncertainty regarding thc thcrml strP*-ility
and corrosive propcrtics Of amroniiwr, nitrate may hc due to u-ork
carried out vith impure salt, particularly salt containing occluIdCd
nitric -icid.

The hazards involved in usin ammoniui nitratc a.nd precauti-ns to
cc C rdoptcf are bricfly discussed.

ity Iurin- the mnufctur aLnd filling of coposite propCllrnts con-
t-inin- rroniuin nitratc is essential.

The cf2cct of pota ssium nitratc on the 32.1(°C. transition an:dthe pOssibility of the rate o: transition being affected by moisture
cotcnt, io .iscussc(.

It is suggested that uncortainty rceardinr' the therr.al stability
and cOrrosive properties of ami)niur nitra.tc may bc duc t- )'ark carrieddut ith impurc salt, particul.rly s;At c,ntainin )cclufef nitric[ ,acad."

Tllh< hazards involved in usin( 7rmoniur nitra.te nd precautions
to -c 'dptcd arc briefly discussccd.
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E.R.D.E. Report JaTCniUn Nitrate as an Oxidant for

No. 5/,/54 Composite Propellants: Part 1:
Preliminary Considerations.

P.R. Fre ,ian Sept., 1954

The physical properties of amonium nitrate are discussed frci the
point of view of its use as an oxidant in composite propellants. Scr;e

discrepancies in the literature are pointed out and an attmpt is made tc
explain thean,.

The maximum specific impulse obtainable with a simple anronluii
nitrate/fuel mixture is about 223 sec. The advantage f using oxygenated
fuels is calculated for cases where, because tf rheological ccnsiderations,
more thin 5 jr 6 per cent. if fuel nust be used.

Slight caking of arznlun nitrate may occur at relative humIdIties
/less
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The physical properties of arrcniun nitrate are discussed fro-j the
point of view of its use as an oxidant in composite propellants. Some
discrepancies in the literature are pointed out and an attempt is made tc
explain them.

The maximum specific Impulse obtainable with a simple arnonium
nitrate/fuel mixture is about 225 sec. The advantage of using oxygenated
fuel is calculated for cases where, because of rheolo7ical considerations,

more than 5 c- 6 per cent. of fuel must be used.

Slight caking of ammonium nitrate may occur at relative humidities
/less
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less than the theoretic:l valuea fo,r wa-ter absorption and it is su ,c,stod that

this nay be due eithar to occluded rollsture cr to wcldint between crystals in

contact. Gross pick-up cf moisture occurs at relative huilditics aLove a 'bout

50 per cent, so that control cif hur)idIity durinl_, the r manuf-cturc and fillin:,
of composite propellants containinE, Lir.roniun nitra te Is essential.

The aff'ect of potassium nitrate on the 32.1 0 C. transition, anJ the

possibility of the rate of tra nsitio.n beinm affoctoul by mcisture content, is
discussed.

It is suCrested that uncertainty rcg,ardinp, the thcr.rnl stability and

corrosive properties if armoniumc nitrate may be due to vwork carried out with

Irpure salt, particularly salt contAininU occluded nitric acid.

The hazards Involved in usin': armicnium nitrate and precauticns to be
dotdare briefly discussed.
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